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ABSTRACT
We present observations of the stellar kinematics of the centre of the core collapsed globular cluster M15 obtained with the
MUSE integral field spectrograph on the VLT operating in narrow field mode. Thanks to the use of adaptive optics, we obtain
a spatial resolution of 0.1 arcsec and are able to reliably measure the radial velocities of 864 stars within 8 arcsec of the centre
of M15 thus providing the largest sample of radial velocities ever obtained for the innermost regions of this system. Combined
with previous observations of M15 using MUSE in wide field mode and literature data, we find that the central kinematics of
M15 are complex with the rotation axis of the core of M15 offset from the rotation axis of the bulk of the cluster. While this
complexity has been suggested by previous work, we confirm it at higher significance and in more detail.
Key words: stars: kinematics and dynamics - globular clusters: individual: NGC 7078 (M15)
1 INTRODUCTION
The high stellar densities of globular clusters (GCs) have long proved
a challenge in studying the kinematics of their resolved stars, partic-
ularly in their centres. However, recent improvements in instrumen-
tation and analysis techniques have allowed the kinematics of large
numbers of GC stars to be studied. Imaging from space using the
Hubble Space Telescope has allowed proper motion measurements
of GCs in their centres (e.g. Bellini et al. 2014; Watkins et al. 2015)
while Gaia provides high quality astrometry in cluster outskirts (e.g.
Gaia Collaboration et al. 2018; Bianchini et al. 2018; Sollima et al.
2019; Vasiliev 2019). Recent advances in adaptive optics also pro-
vide the potential for useful astrometry in the centres of GCs (e.g.
Dalessandro et al. 2016; Massari et al. 2016).
Multiobject spectroscopy has allowed large samples of radial ve-
locities to be measured (e.g. Lane et al. 2011; Kimmig et al. 2015;
Ferraro et al. 2018) but conventional fibre or slit spectroscopy is lim-
ited to the lower density outskirts. Integral field spectroscopy (e.g.
Lanzoni et al. 2013; Kamann et al. 2014; Dalgleish et al. 2020) al-
lows spectra to be observed even in dense fields, especially when
used with techniques to reliably extract spectra from blended stars
(Kamann et al. 2013). With wide-field integral field spectrographs,
large numbers of spectra can be obtained at once, with Kamann et al.
(2018a) measuring the radial velocities of over 200 000 stars in 22
GCs using MUSE on the VLT (Bacon et al. 2010).
M15 (NGC 7078) is an old (∼ 13 Gyr, e.g. Dotter et al. 2010;
VandenBerg et al. 2013), metal poor ([Fe/H] = −2.33 Carretta et al.
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2009) GC with a mass of ∼ 5 × 105M (e.g. Dalgleish et al. 2020).
According to the 2010 edition of the Harris (1996) catalgoue, M15
lies 10.4 kpc from the Sun as well as 10.4 kpc from the Galactic
centre. Its steep, cuspy surface brightness profile strongly suggests
that it is a core collapse GC (e.g. Djorgovski & King 1986).
To date, many groups investigated the kinematics of this GC
through radial velocity (Peterson et al. 1989; Gebhardt et al. 1994,
2000; Gerssen et al. 2002) and proper motion (Bellini et al. 2014)
surveys.
Interest on the central kinematics of M15 (e.g. Newell et al. 1976;
Gerssen et al. 2002; McNamara et al. 2003; Baumgardt et al. 2003;
Murphy et al. 2011; den Brok et al. 2014) initially focused on the
possible presence of an intermediate mass black hole (IMBH) in the
cluster. However, it is now generally considered unlikely that a core
collapsed GC could host an IMBH as the excess kinetic energy that
stars gain in interactions with the IMBH prevent their accumulation
in the cluster centre (e.g. Illingworth & King 1977; Baumgardt et al.
2003; Gieles et al. 2018).
More recent work has focused on the surprising detection of rota-
tion in the central regions of M15. van den Bosch et al. (2006) found
evidence for a fast spinning, kinematically decoupled core in the in-
ner 4 arcsec of M15. This result, already suggested by the analysis of
Gebhardt et al. (1997), was later supported by the work of Bianchini
et al. (2013) and Kamann et al. (2018a) who found the core of M15
shows a higher rotation and a different rotation axis than what is
found at large radii. This discovery was surprising given that ordered
rotation should be quickly erased by the short relaxation time scale
(< 100MyrHarris 1996) in the centre ofM15. Kamann et al. (2018a)
found a clear connection between the angular momentum of a GC
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and its relaxation time with GCs with shorter relaxation times having
lower specific angular momenta (see also Bianchini et al. 2018; de
Boer et al. 2019).
In this paper we combine the techniques of adaptive optics and
integral field spectroscopy, by analysing MUSE observations in the
AO-supported narrow field mode to study the central kinematics of
M15. In Section 2 we describe our observations and data reduction as
well as our radial velocity measurements and the literature datasets
we include in our analysis. In Section 3 we present the spatially
resolved inner kinematics of M15 before discussing these kinematics
in 4.
2 OBSERVATIONS AND DATA REDUCTION
2.1 MUSE narrow field mode
We observed the centre of M15 using MUSE on the VLT in narrow
field mode (NFM) as part of the NFM science verification (program
60.A-9492(A)) on the nights of 2018 September 13 and 14. We
observed four pointings in a 2 by 2 mosaic centred on the cluster
centre. Twoof the pointingswere observed for 5×250 s; the remaining
two 4× 250 s. The DIMM seeing ranged from 0.5 to 1.2 arcsec. The
observations were all carried out using the GALACSI adaptive optics
module (Arsenault et al. 2012; Ströbele et al. 2012) which provides
MUSE a 7.5 by 7.5 arcsec field-of-view with a spatial sampling of
0.025 arcsec in NFM. In nominal mode, MUSE provides wavelength
coverage between 4800 Å and 9300 Å with a gap between 5780
and 6050 Å due to the notch filter used to suppress the light from
the laser guide stars. MUSE has a near constant spectral FWHM of
∼ 2.5 Å across the wavelength range (corresponding to a resolution
of 𝑅 ∼ 1700 at the blue end of the wavelength range and 𝑅 ∼ 3500 at
the red end). The datacubes were reduced using the standard MUSE
pipeline (Weilbacher et al. 2020) in the same manner as in Kamann
et al. (2018b).
We used PampelMuse (Kamann et al. 2013) to extract the stel-
lar spectra from the MUSE datacubes. PampelMuse determines the
point spread function (PSF) from bright, isolated stars in the dat-
acube and uses the PSF to extract spectra of all the sources in its
input catalogue. We utilised the Beccari et al. (2019) HST ACS/HRC
photometric catalogue as the input catalogue. During the extraction,
we modelled the PSF using the combination of an outer Moffat and
a central Gaussian profile. The idea behind this hybrid PSF model
is that AO observations typically result in a PSF consisting of a
diffraction-limited core surrounded by a seeing-limited halo. For the
Gaussian component, we obtain a FWHMof 0.′′08 at𝐻𝛼 and 0.′′06 at
the calcium triplet. We compare a 𝑖-band image created from one of
the MUSE NFM pointings with the HST ACS/WFC F814W image
from the ACS Globular Cluster Treasury Survey (GO-10775 Sara-
jedini et al. 2007) in Figure 1. In this wavelength region, the spatial
resolution of the MUSE and HST data is is similar, with the MUSE
PSF showing a sharper core but broader wings than the HST PSF.
Initial radial velocities were obtained by cross correlating the ex-
tracted spectra with synthetic templates from the PHOENIX library
of Husser et al. (2013). In order to find a suitable template for each
spectrum, we compared the photometry of Beccari et al. (2019) to
an isochrone from the MIST (Choi et al. 2016) database, adopting a
clustermetallicity of [Fe/H] = −2.37 (Harris 1996). The comparison
provided us with estimates of the effective temperature and surface
gravity of each star with a MUSE spectrum available, which were in
turn used to select a synthetic template for the cross correlation.
In the final step of the spectrum analysis, we processed each spec-
trum with Spexxy (Husser et al. 2016). The code performs a full
spectrum fit against the same library of synthetic spectra used for
the cross correlation to measure the radial velocity, effective tem-
perature, and metallicity of each star. Initial guesses for the fit were
obtained from the isochrone comparison described above as well as
from the cross correlation.
As detailed in Kamann et al. (2016), the radial velocities obtained
with Spexxy tend to be more precise than those measured via cross
correlation, hence we gave preference to the former. We obtained
reliable radial velocities for 864 stars. This is a significant increase
compared to previous studies in the number of stars with radial
velocities in the central few arcsec of M15 (see below). Owing to the
large range in brightness of our target stars, spectra were extracted
over a wide range of signal-to-noise ratios, leading to very different
uncertainties of the individual radial velocities. Our median accuracy
is 7.3 km s−1, while the 16th and 84th percentiles of the uncertainties
distribution are 2.6 km s−1 and 11.9 km s−1, respectively.
2.2 Literature radial velocities
We used the radial velocity catalogue from Kamann et al. (2018a)
which used MUSE in wide field mode (WFM) to observe four point-
ings covering M15 out to ∼ 1 arcmin at the same spectral resolution
of the NFM dataset. TheMUSEWFM dataset was reduced and anal-
ysed in the same manner as the MUSE NFM data, providing radial
velocities for 10420 stars.
We also utilised the literature radial velocities fromGebhardt et al.
(2000), Gerssen et al. (2002) and Baumgardt & Hilker (2018). Geb-
hardt et al. (2000) used an imaging Fabry-Perot spectrograph together
with the CFHT Adaptive Optics Bonnette (Rigaut et al. 1998) to ob-
tain radial velocities of 104 stars within 20 arcsec of the centre of
M15. We note that these observations required 6.5 hours of exposure
time. Gebhardt et al. (2000) combine this sample with their previous
natural seeing Fabry-Perot observations and literature data to provide
a dataset of 1779 radial velocities.We further note that the astrometry
of this catalogue is poor, especially in the outskirts of M15.
Gerssen et al. (2002) used multiple long slit HST STIS observa-
tions to mimic an integral field spectrograph. They used 25 orbits of
HST time to measure radial velocities for 64 stars.
The Baumgardt & Hilker (2018) sample combines 273 radial ve-
locities from APOGEE (Abolfathi et al. 2018) with their own radial
velocity measurements of archival VLT FLAMES (Pasquini et al.
2002) and Keck HIRES (Vogt et al. 1994) spectra. As these spectra
were observed using traditional long slit or fibre spectroscopy, they
all lie more than 30 arcsec away from the cluster centre.
We compare the spatial distribution of stars from the first four
catalogs in the inner 15 by 15 arcsec in Figure 2. We plot the ra-
dial distributions of stars from the five radial velocity catalogs in
the upper panel of Figure 3. Our MUSE NFM observations provide
significantly more radial velocities within 8 arcsec compared to pre-
vious works. The MUSE NFM observations provide 33 stars with
radial velocities within 1 arcsec of the centre, 191 within 3 arcsec
and 801 within 8 arcsec compared to 7, 57 and 363 stars respectively
in the MUSEWFM observation within the same radii and 14, 57 and
173 stars within the same radii from the combined Gebhardt et al.
(2000) and Gerssen et al. (2002) samples.
In the lower panel of Figure 3 we show the HSTACS/HRC F435W
luminosity functions (using the photometry fromBeccari et al. 2019)
for each of the radial velocity catalogs within 3 arcsec of the centre
of M15. Our MUSE NFM observations provide significantly more
radial velocities for fainter stars than previous work. We are able to
measure radial velocities for virtually all stars in the ACS/HRC input
catalogue brighter than F435W∼ 19.
MNRAS 000, 1–8 (2019)
Central kinematics of M15 3
MUSE NFM ACS WFC
Figure 1. Comparison of an 𝑖-band image created from one of the MUSE NFM pointings (left) and a HST ACS F814W image (right). The MUSE NFM data
shows a similar spatial resolution to the HST data. Both images measure 7.98 by 7.88 arcsec.
In Figure 4 we show a comparison of the MUSE NFM velocities
and the other velocities. When combining the velocity catalogues we
applied shifts to each of the other catalogues such that the median
velocities of stars in common were the same as the median for the
same stars in the MUSE NFM sample. For the 312 stars in common
between the MUSE WFM and MUSE NFM datasets, 68 % of the
velocity differences lie between−11.5 and 8.9 km s−1, for the 54 stars
in common the HST STIS and MUSE NFM, 68 % of the velocity
differences lie between −12.6 and 3.8 km s−1, and for the 126 stars in
common theCFHTandMUSENFM, 68%of the velocity differences
lie between −11.0 and 9.8 km s−1. The widths of the distributions
of the velocity differences are roughly two times larger than would
be expected from the uncertainties. The median uncertainties on the
MUSE NFM velocities are similar to those of the MUSE WFM
velocities (3.5 versus 3.2 km s−1) but smaller than the HST STIS
(2.8 versus 5.5 km s−1) or the CFHT FP (2.0 versus 3.8 km s−1)
velocity uncertainties for stars in common between the studies.
To check whether the uncertainties are systematically larger or
smaller for one sample or another, we used the same Markov chain
Monte Carlo kinematics analysis presented in Section 3 to fit the
median velocity and the velocity dispersion for the stars in common
between the other velocity source and theMUSENFMusing both the
NFM velocities and the other sources for each of the MUSE WFM,
HST STIS and CFHT FP datasets. In all cases the fitted kinematics
agree within the uncertainties suggesting that the uncertainties of
none of the samples are systematically different.
We expect that stars in short period binaries would have radial
velocities that would vary between the different studies, inflating the
differences in velocities beyond what is expected from their uncer-
tainties. The binary fraction is also typically higher in the centres of
GCs than in their outskirts (e.g. Milone et al. 2012; Ji & Bregman
2015; Giesers et al. 2019).
3 INNER KINEMATICS OF M15
We analysed the spatial resolved kinematics in a similar manner as in
Kamann et al. (2018a, 2020), by deriving 1D radial profiles and 2D
Voronoi maps of the first and second moments of the line-of-sight
velocity distribution. The radial profiles are depicted in Fig. 5. The
continuous curves were obtained by describing the unbinned data us-
ing analytical models. More specific, we adopted the rotation profile
expected for systems that underwent violent relaxation (Lynden-Bell
1967; Gott 1973, eq. 1 in Kamann et al. 2020), while a Plummer
(1911) profile (eq. 2 in Kamann et al. 2020) was adopted for the
dispersion. The model parameters were obtained using a maximum-
likelihood approach, where we used the Markov chain Monte Carlo
code emcee (Foreman-Mackey et al. 2013) to sample their posterior
distributions. Our model also included a background component,
characterised by a Gaussian velocity distribution with mean veloc-
ity 𝑣back and dispersion 𝜎back and a surface stellar density 𝑓back.
Inclusion of the background component allowed us to determine a





























where 𝑣𝑖 and 𝜖𝑖 are the radial velocity of the 𝑖-th star and its associated
uncertainty and 𝜎 is the velocity dispersion of the bin containing it.
We do not try to identify or remove the contribution of binary stars.
We also analysed the kinematics in radial bins that contained at
least 100 stars and covered at least a radial range of 0.2 dex in log
radius. From this, we excluded all stars with membership probabil-
ities 𝑝 < 0.5. Further, we fixed the mean velocity in each bin to
the value of 𝑣sys = −106.5 ± 0.1 km s−1 that was determined in the
previous step. Hence, in each bin, we optimized three parameters:
the rotation amplitude, the position angle of the rotation axis, and the
MNRAS 000, 1–8 (2019)
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MUSE NFM HST STIS
MUSE WFM CFHT FP
Figure 2. Spatial comparison of the stars from different radial velocity sources. Each panel shows the HST ACS F814W image of the central 15 by 15 arcsec of
M15 over plotted by stars with our MUSE NFM measurements (top left in blue), the HST STIS measurements from Gerssen et al. (2002, top right in orange),
the MUSEWFM measurements from Kamann et al. (2018a, bottom left in green) and the CFHT Fabry-Perot measurements from Gebhardt et al. (2000, bottom
right in red). None of the velocity measurements from Baumgardt & Hilker (2018) are within the inner 15 by 15 arcsec. Our MUSE NFM observations allow
us to measure radial velocities for significantly more stars compared to the MUSE WFM or CFHT FP observations in the same footprint and to measure radial
velocities over a much larger area than the HST STIS observations.
velocity dispersion. To do so, we used the samemaximum-likelihood
approach introduced above. The values of the three parameters in all
radial bins are included in Fig. 5.
Second, we used the Cappellari & Copin (2003) code to create
Voronoi maps of the kinematics of M15 with an average number
of 100 stars per bin. In each bin, we used a simple Nelder-Mead
optimization in order to obtain the mean velocity and the velocity
dispersion. Stars with membership probabilities 𝑝 < 0.5 were again
excluded from the calculation. The resulting Voronoi maps of the
mean velocity and the velocity dispersion are shown in Fig. 6.
We see clear evidence for a kinematically distinct core in M15 in
both the radial profiles and the Voronoi bins. While at large radii,
the measured rotation profile is largely consistent with the analytic
profile (cf. Fig. 5, upper left panel), this is not true for radii 𝑟 . 5′′,
where the rotation measurements obtained via radially binning the
data diverge from the fitted profile. Rather than showing a single
MNRAS 000, 1–8 (2019)
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Figure 3. Top: cumulative radial distribution of stars from different radial
velocity sources. Our MUSE NFM observations provide a dramatic increase
in the number of stars with radial velocity measurements within the inner few
arcsec of M15. Bottom: cumulative HST ACS F435W apparent magnitude
distribution of stars from different radial velocity sources within 3 arcsec of
the cluster centre. The black dotted line shows the magnitude distribution of
all stars detected within 3 arcsec in the F435W imaging. The MUSE NFM
observations allow us to measure radial velocities for fainter stars in the centre
of M15 than previous studies. The MUSE NFM observations appear to be as
complete as the HST photometry to F435W magnitude of ∼ 19.
peak, the rotation amplitude shows a minimum at ∼ 20 arcsec with
two peaks at ∼ 2 and ∼ 100 arcsec. Since the analytic profile is fit
to the individual stars and not the binned data, the profile is a better
fit to the bins at large radii due to the larger number of stars in this
range. Furthermore, the axis of rotation clearly twists by ∼ 90 deg at
roughly 10 arcsec of the centre (cf. Fig. 5, right panel). This twist has
been previously identified by van den Bosch et al. (2006), Bianchini
et al. (2013) andKamann et al. (2018a). Another twist may be present
even closer to the centre with the inner-most bin showing a rotation
axis ∼ 180 deg different from the next further out bin.
The Voronoi map shows a velocity field more complex and asym-
metric than expected from a simple twisted disc model. For example,
a region with negative velocity is seen south-west of the centre that
does not have a corresponding region with positive velocity to the
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Figure 4. Comparison of the MUSE NFM velocities with velocities from
other sources. We show the differences between the MUSE NFM velocities
and the MUSE WFM velocities (top), the HST STIS velocities (middle) and
the CFHT FP velocities (bottom) as a function of the MUSE NFM velocities
for the stars in common between the studies. The scatter between studies is
larger than the uncertainties.
central velocity peak in the north-south direction such that the ve-
locity dispersion north and south of the centre is higher than east or
west of the centre at the same distance.
MNRAS 000, 1–8 (2019)
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Figure 5. Stellar kinematics of M15. The panels show the position angle
(top), rotation velocity (middle) and velocity dispersion (bottom), all as a
function of clustercentric radius. The solid lines show the results of fitting
our unbinned data with simple analytical models, while the green circles show
the results from radial binning of our dataset. The blue dashed and dotted lines
show the core and half light radii respectively from the 2010 edition of the
Harris (1996) catalogue. The MUSE NFM data allows the inner kinematics
to be studied in great detail, revealing the strong twist in rotation in the centre
of M15 and a double peaked rotation curve that rises towards the centre.
4 DISCUSSION
Kinematically distinct cores (KDCs) are found in the centres of some
massive early-type galaxies (e.g. 19 out 260 galaxies in theATLAS3D
sample, Krajnović et al. 2011). In galaxies, KDCs are usually thought
to form due to mergers (e.g. Kormendy 1984; Franx & Illingworth
1988; Balcells & Quinn 1990; Hernquist & Barnes 1991; Hoffman
et al. 2010; Bois et al. 2011). However, mergers of GC are thought
to be relatively rare (Khoperskov et al. 2018). We note that M15
does not show any spread in Fe (Carretta et al. 2009) which might be
expected if M15 is a merger remnant.
Alternatively, a KDC may be due to the projection effects of a
triaxial system with a different distribution of orbits in the centre
than in the outskirts (Statler 1991; van den Bosch et al. 2008). Core
collapse could conceivably cause the orbits in the centre of the cluster
to be different than in the outskirts.
Kamann et al. (2018a) found a correlation between rotation and
relaxation times at the half light radii, suggesting that GCs loose
angular momentum via two-body interactions as they dynamically
evolve (see Tiongco et al. 2017, for a theoretical modeling of this
process). Due to their significantly larger sizes, in galaxies two-body
relaxation timescales are longer than the age of the Universe soKDCs
are expected to persist in them till the present day. Due to the short
two-body relaxation time scale of the core of M15 (< 100 Myr,
Harris 1996), any ordered rotation should be quickly erased. Thus it
is unlikely that the complex kinematics of centre M15 are a relic of
its formation.
Beccari et al. (2019) used the same HST ACS/HRC imaging used
in thiswork to study the blue straggler population ofM15. They found
evidence of multiple generations of blue stragglers formed by stellar
collisions. Beccari et al. suggest that these generations of blue strag-
glers formed during brief periods of increased stellar density caused
by core collapse and by the oscillations that occur after core collapse
(e.g. Bettwieser & Sugimoto 1984; Goodman 1987; Cohn et al. 1989;
Takahashi & Inagaki 1991; Breen & Heggie 2012). The complicated
velocity field of the centre M15 may also be due to these post core
collapse oscillations. The post core collapse model of Grabhorn et al.
(1992) reproduces the observed large core radius, cuspy light profile
and high central velocity peak of M15. Grabhorn et al. (1992) also
find that the post core collapse oscillations only produce significant
temporal variations in surface brightness and in kinematics within
∼ 1 arcsec. This would neatly explain how the central kinematics of
M15 are disconnected from the outer kinematics. Detailed dynamical
modelling will be required to test whether the observed kinematics
can be explained by post core collapse oscillations.
Mapelli et al. (2005) propose that a central binary with massive
components (i.e. two massive stellar-mass BHs & 20M or two
IMBHs) could transfer angular momentum and energy to nearby
stars, causing them to co-rotate with the binary and have high ve-
locity dispersion. These predictions are very similar to what we see
in the inner few arc seconds and would also naturally explain the
misalignment between the inner and outer rotation, but the collapsed
core argues strongly against the presence of BH binaries of any
mass (Hurley 2007; Heggie et al. 2007; Breen & Heggie 2013). It
could be that M15 only recently ejected its last BH binary, and still
shows features of the co-rotation imprinted by this binary. For this to
work, angular momentum needs to be retained during core collapse
and some time thereafter. Alternatively, the mechanism proposed by
Mapelli et al. (2005) also works with lower mass binaries (e.g. a
recently formed binary with non-BH components, such as neutrons
stars or white dwarfs). Dynamical modelling is required to test these
ideas and asses whether they can explain the observations.
We note that Boberg et al. (2017) discussed the case of another
cluster, M53, which also exhibits strong internal rotation in its central
regions with a complex radial profile and a radial variation of the
position angle of the rotation axis. Their data however do not probe
the innermost few arcseconds that we are able to study in M15 with
MUSE, andM53 is not a core collapse cluster. Kamann et al. (2018a)
also found evidence for enhanced rotation in the centre and twists in
the position angle with radius in five of their 25 GCs (NGC 362, M5,
M10, M15 and M62). All five of these GCs are relatively compact
(King profile concentrations 𝑐 > 1.7) but only three (NGC 362, M15
andM62) are listed as possible core collapse GCs in the 2010 edition
of the Harris (1996) catalogue.
5 CONCLUSION
Using the new narrow field mode of MUSE we have studied the
central kinematics of the core collapse GC M15 in detail. The com-
bination of AO delivering HST-like spatial resolution with MUSE’s
large field-of-view and analysis techniques to extract spectra from
crowded fields (i.e. PampelMuse) allows for a significantly larger
sample of stars (864) with radial velocities compared to earlier stud-
MNRAS 000, 1–8 (2019)



























































Figure 6. Voronoi maps of the line-of-sight heliocentric velocity (left) and velocity dispersion (right) for the centre of M15. Each bin contains ∼ 100 stars. The
colour scale of the left panel is centred on the cluster systemic velocity of −106.5 km s−1. The solid green circle shows the core radius while the dashed green
line shows the half light radius. A clear 90 degree twist is seen in the rotation field between the core radius and the half light radius. However the velocity field
is more complicated than a twisted disc with the negative velocities below and to the left of the centre not having corresponding features above and to the right
of the centre that would be expected if the field is symmetric. The velocity dispersion map shows that the peak is extended in a north-south direction.
ies with AO (Gebhardt et al. 2000, 104 stars) and HST (Gerssen et al.
2002, 64 stars). The improvements in instrumentation and analysis
techniques over the last two decades are highlighted by the fact our
significantly larger sample required a significantly smaller amount
of telescope time (1.3 hours of exposure time) compared to previous
studies (6.5 hours for Gebhardt et al. 2000; 25 HST orbits or 16.2
hours of exposure time for Gerssen et al. 2002).
We see clear evidence for complex central kinematics that are
distinct from those of the outer parts of the cluster. Due to the short
two-body relaxation time scale, this KDC is unlikely to have survived
from the formation of M15. Nor is it likely that this KDC shares a
similar merger origin to the much larger KDCs observed in some
massive early-type galaxies. In a future work we will use dynamical
models to fit this kinematic data set. This will allow us to explore
possible hypotheses for the peculiar kinematics of this cluster, includ-
ing the transfer of angular momentum from black hole binaries and
post core-collapse oscillations. The dynamical models will further
allow us to place strong constraints on the presence of any compact
system of stellar remnants (e.g. Gieles et al. 2018; Hénault-Brunet
et al. 2019, 2020).
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